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Optimized Switching Finite Control Set Model
Predictive Control of NPC Single-Phase
Three-Level Rectifiers

Xu Zhang ¥, Guojun Tan

Abstract—A new model predictive control scheme, optimized
switching finite control set model predictive control, is studied in
this article for neutral-point-clamped (NPC) single-phase three-
level pulsewidth modulation (PWM) rectifiers. To ensure the ac-
tual stability of the power converter, the ac-side current error of
single-phase PWM rectifier and the neutral point voltage of the
converter are both converged to the bounded invariant set, and the
adjustment of system performance is thus realized by setting the
bounded invariant set. Based on the NPC single-phase three-level
PWM rectifier model, the ac-side current, the neutral point voltage,
and the current error in the future time can be predicted in advance.
The above objectives are achieved by optimizing the selection of
switch combinations. The advantage of the proposed method is
that it can reduce the average switching frequency of the converter
when the ac-side current error and the neutral point voltage of
the converter are controlled within a certain range, which makes
it suitable for the application of high-power single-phase PWM
rectifier.

Index Terms—Finite control set, model predictive control,
single-phase PWM rectifier, three level.

1. INTRODUCTION

INGLE-PHASE pulsewidth modulation (PWM) rectifiers
S play an important role in industrial applications, especially
in high-power applications such as the high-speed railway trac-
tion drive system [1]. These converters are called active front
end rectifiers, which realize the bidirectional power flow, while
maintaining the high power factor (PF) and the low-harmonic
current distortion [2], [3].

Single-phase three-level PWM rectifiers perform better than
two-level rectifiers in terms of voltage classes, power density,
and current harmonic characteristic. Hence, single-phase three-
level PWM rectifiers are widely used in the field of railway
locomotive traction. At present, there are many system con-
trol schemes such as dg-axis current control [2], proportional-
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resonant current control [3], direct power control (DPC) [4],
model predictive DPCs [5], deadbeat control [6], etc. However,
the available literature shows that for the above methods, they
all need carrier modulation to achieve current or power tracking.
In railway locomotive applications with high power and low
switching frequency, the discrete period is equal to the switching
period, i.e., the carrier period. Therefore, the discrete accuracy
of the system is reduced at low switching frequencies.

J. Rodriguez [7] proposed a scheme of finite control set
model predictive control (FCS-MPC). Owing to its excellent
performance in terms of nonlinear control, multiobjective opti-
mization, dynamic response and precision, it has been studied
extensively in many fields, such as high-voltage direct current
transmission [8], wind power generation [9], induction motor
control [10], inverter power supply [11], and permanent magnet
synchronous motor [12], etc. Compared with the method that
requires carrier modulation, the discrete period of FCS-MPC
algorithm is much smaller than its average switching period, so
the discrete accuracy of the system is higher at low switching
frequencies and has a wide application prospect in the field of
low-switching frequency and high power [13].

Moreover, the FCS-MPC algorithm for the control of the
single-phase PWM rectifier is studied in [14]. In [15], the FCS-
MPC is further studied by controlling the neutral-point-clamped
(NPC) single-phase three-level PWM rectifier and the dc-side
voltage prediction link is introduced to improve the dynamic
performance of the system. However, the cost function only
takes into account grid-current tracking and the neutral-point
voltage deviation, without considering the effect of switching
frequency.

It is worth noting that although FCS has the ability of multi-
objective optimization, there are still many uncertainties in its
multiple-objective weight factors selection methods and stability
analysis [16] and [19]. In addition, the selection of weight factors
are generally based on the offline test results [20]. As have been
studied in [16]-[20], the weighting factors has large influences
on the control performance of power electronic control system,
and it is also quite difficult to design. Therefore, completely
eliminating it is a better way to reduce its influences on the
control system.

In [21], a predictive torque and flux control for induction mo-
tors powered by a three-phase two-level voltage source converter
is studied. A multiobjective ranking based strategy is proposed.
The torque and flux linkage errors are ordered separately. The
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voltage vectors with lower values are assigned a lower ranking,
while the voltage vectors with higher values are assigned a higher
ranking. Then, the voltage vector output that minimizes the
average ranking is selected for control. Therefore, the tuning of
weighting factors is unnecessary. The literature [22] applied the
multiobjective banking based strategy to a permanent magnet
synchronous motor powered by a matrix converter to achieve
good dynamic and steady-state performance. In [23], both the
torque and the stator flux control errors are transformed into
dynamic per-unit values, which are the same order of magnitude.
Next, a new dynamic cost function is proposed on the basis
of the two dynamic per-unit values, which does not require
weighting factor anymore. In [24], proposed method realizes
the optimizations for the torque and flux cost function terms
simultaneously. This approach constrains the torque and the
stator flux tracking errors within the bounds. The torque error
boundary is dynamically adjusted so that there are 2—4 voltage
vectors that satisfy the torque error within the boundary, and the
stator flux boundary is also obtained in the same way. Then, the
voltage vector that satisfies both the torque and the stator flux
error within the above boundary can be selected as a system
output by a certain rule. Thereby the weight coefficients are
eliminated and have good parameter robustness.

In [25]-[27], the references of stator flux magnitude and
torque in conventional model predictive torque control (MPTC)
are converted into an equivalent reference of stator flux vector.
As only the tracking error of stator flux vector is required in
the cost function, the use of weighting factor is eliminated. The
literature [28] converts the reference value of the stator flux and
torque in the conventional MPTC into an equivalent reference
of the stator flux vector. The stator flux linkage error and the
number of switching times corresponding to different voltage
vectors are sorted, and the switching frequency is reduced by
multiobjective ranking based strategy. The literature [29] sorts
the torque error, stator flux error, and switching times of different
voltage vectors, respectively, and adopts multiobjective ranking
based strategy. When the average ranking is the same, the voltage
vector with the least number of switching times is selected,
which reduces the switching frequency. However, the literature
[28], [29] switching frequency cannot be adjusted according to
the designer’s needs. For the NPC single-phase three-level PWM
rectifier, itis difficult to obtain a direct mathematical relationship
between the balance control of the midpoint potential and the
current error and switching frequency. In the literature [30], for
the T-type three-level converter, the midpoint potential balance
is controlled by the redundant switch state, but the switching
frequency is not optimally controlled.

The research results in [31] show that the controlled targets of
two-level converter cannot converge to the required steady-state
value, but the actual stability of the power converter can be guar-
anteed by converging these variables to a bounded invariant set.
The theoretical analysis of the weight coefficients selection of
the two-level converter using FCS-MPC algorithm is carried out
in [31]. However, there is not a method to determine the weight-
ing factor to ensure system stability for more complex power
converter topologies, which makes the optimization scheme by
translating the multiobjective optimization problem into the use
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Fig. 1.

Single-phase three-level NPC converter.

of weighting factors to unify multiple control objectives into a
single cost function limited [32].

In this article, a control scheme optimized switching finite
control set model predictive control (OS-FCS-MPC) for the
NPC single-phase three-level PWM rectifier is proposed. First,
the conventional FCS-MPC algorithm is studied to establish a
cost function including current error, the neutral-point voltage
deviation, and switching frequency limit. Then, the method
of converging the current error and the neutral-point voltage
deviation to the bounded invariant set is proposed to ensure the
actual stability of the power converter. Finally, a comparison be-
tween conventional FSC-MPC and the proposed control method
in terms of the current harmonic characteristic, the average
switching frequency, the neutral-point voltage deviation, and
system parameter design. Simulation and experimental results
show the effectiveness and superiority of the proposed scheme.

II. SINGLE-PHASE PWM RECTIFIER MATHEMATICAL MODEL
A. AC-Side Current Prediction Model

Fig. 1 shows the topology of a single-phase three-level neutral
point-clamped converter, where the continuous-time dynamic of
the grid-current i, is shown as

%:%(ug—RiQ—uab). €))

In (1), uq represents the grid-voltage, 4 stands for the input
voltage of the adopted converter, L is the grid-side filter inductor,
and R is the parasitic resistance. The voltage of capacitors in
the dc link is shown as (2), where ic1, ic2, and iy, i, are
respectively the capacitor currents and internal currents of the
adopted converter, i4. represents the dc-link current

ducq 1 . 1 ( . )

= —1 = — — 1
TN )
ducs 1 1

pralaie Al @<_2n —idec)-
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TABLE 1
SWITCHING STATES

Si Sz S3 S4 Sa Ss SaB Uab states V
1 1 0 0 1 -1 2 ucituca Vi
1 1 0 1 1 0 1 uci Va
0 1 0 0 0 -1 1 Uuc2 Vs
0 1 0 1 0 0 0 0 \
1 1 1 1 1 1 0 0 Vs
0 0 0 0 -1 -1 0 0 Vs
0 1 1 1 0 1 -1 -Ucl Vi
0 0 0 1 -1 0 -1 -Uca Vs
0 0 1 1 -1 1 -2 - UCI-UC2 Vo

In (2), C; and Cy are the dc-side upper and lower bus ca-
pacitance values, respectively. To realize the prediction of the
grid-current, the forward Euler method is adopted to transform
(1) into a discrete-time form, i.e.,

. TR\ , T
z’g“rl = (1 -7 ) zg + —(ug —uk) 3)

L

where T is the sampling period and according to the adopted
switching states in Table I, u,; can be expressed as

upy = ug (S1— S3) + ugn(S2 — Si) “)

where S;(i = 1,2, 3,4) are the switching states. Therefore, i,
at the k + 1th instant can be predicted by the previous sampling
instant of 4,4, 14, uc1, and ucy. Similar to the previous method
used in (3), the discrete-time form of (2) can be described as

k1 Lo T

-k k
U = 1 2 +u
C1 Cl p Cl de C1
T T. )
ubtl = 28k 22k 4k
C2 02 n 02 de C2

Based on the direction relation between the switching states
of the adopted converter and ¢, as [15], the value of i, and i,
can be calculated as

e SA(SA + 1) — SB(SB + l)ik

Zp—

2 g

(6)
i SA(SA — 1) — SB(SB — 1)ik
n 2 g°

Consequently, according to (3) and (5), the controller can
easily derive the estimated values for the predictions of the grid-
current and capacitor voltages, respectively.

B. Instantaneous Power Model

As shown in Fig. 2, where u,,, ug are the two orthogonal sig-
nals generated by second-order generalized integrator (SOGI),
where ug, 14, 14, iq are d-axis and g-axis components of voltage
and current in the two-phase rotating coordinate system, respec-
tively. As shown in Fig. 2, it is assumed that the grid-voltage u,,
is fixed to d-axis by PLL, namely, uq = u,, and u, = 0.

Hence, according to the instantaneous power theory, the grid-
current ¢, can be expressed as

k k
ik:%COSHJri:sinﬂ (7

g k
Uy d
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Fig. 2. Vector diagram.

where p’; and q’; are the instantaneous active power and reactive
power, respectively.

Therefore, the active and reactive power injected to or ab-
sorbed from the grid can be controlled by regulating the grid-side
current.

C. DC Bus Voltage Prediction Model

Obviously, the dc-link power can be expressed as

Phe = D61 + P +P§dc = il;ugl — QN ugy (@)
where 1, and 4,, are obtained according to (6).

Traditionally, it is impossible to compare the instantaneous
values of ac power and dc power. To solve this problem, we
define the dc-side average power reference as pj;. ., and the
ac-side average active power reference as pj, ,, . Based on the
principle of power balance, we can obtain

k41 _  k+1 k41
p;_av = PR_av + prlcfav (9)
where pr_,. represents the filter resistor power loss.

Clearly, it is impossible to get pj,. ., directly from (8). Con-
sequently, py.. ,, is derived from the average values for each
item in (8). The capacitor voltage is always controlled by its
current. However, due to the limitation of the properties of
power electronics, the capacitor current is limited. In order to
ensure that the capacitor voltages reach the expected value while
maintaining power balance, a reference prediction horizon N* is
introduced.

Therefore, the future average voltage references of capacitor
can be obtained according to

1
k+1 _  k k k
ugc_av = Uqc + ﬁ(u(*ic - udc)'

In addition, the average value of the neutral-point current 7, is
approximately zero when neutral point voltage is in a dynamic
equilibrium. Hence, the average capacitor current references are
deduced as

(10)

C1Cy
sk+1 _ xk+1 _ axk+1 . C14Ch k41 k
1C1_av - ZC'2_av — "C_av — T ( dc_av udC) (11)
s

where C1, C; represent the de-link capacitor value. The average
dc-current at this moment can be written as

sk+1
sxk4+1 udc_av (12)
dc_av — R*k+1'

L_av
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As the actual values of u%_ can be measured and assum-
ing that the average dc-link power consumption related to
Ry av is a constant within two sampling periods, Ritllv can be
expressed as -

k
Rk+1 _ Ude (1 3)
L_av ik .

dc
Based on the above analysis, the average dc-power reference
Pt is defined as (14)

sk+1 _ /.xk+1 k41N, xk+1
pdcfav - (chfav + ZC’fav)udcfav'

(14)

Considering a large second-order harmonic component ex-
isted in the dc-side variables of single-phase converters, a
notch-filter centered at 100 Hz (2f) is adopted. Moreover, the
notch-filter output is used as a reference pZ’i}i_g o which is

possible to provide an ac-side current reference i;k“
immunities to second-order harmonics.
In addition, it is essential to estimate the resistor power loss

to get the filter inductor loss, i.e.,

with good

e+ 2
bl ik _ R ( k142 E+1 2)
PR av = R( \/5 ) (ufn—i_l/ﬂ)g (pg;d‘/) + (QQJW)

15)
where uF+! ~ ¥ and i*}! stand for the peak values of grid-

voltage and current, respectively, and qS_J;{, is the ac-side reactive
power average.

According to (9), (14), and (15), the ac-side power can be
calculated. Thus, (7) can be expressed as a quadratic equation

of Py o
2R kb1v2 kbl skl 2R t1y2
2( g_av) _pg_av +pd_v_2f+ 2( g_av) =0.
(ur,) - () 06
The solution that minimizes the power is given by
k 4 ( *k+1)2
prl =P 1 2 Pl
g_av 2 pk c_av_2f pk
a7
2
where pF = (";"R) o
Therefore, the value of i;k“ is obtained according to
2p*k+1 wk+1
i;k“ = g,;av os6 + g;av sin 6. (18)
m m

III. CONVENTIONAL FCS-MPC
A. Cost Function Formulation

For NPC single-phase three-level PWM rectifiers, the ac-side
active and reactive power can be controlled individually by the
ac-side current provided by the converter. However, the con-
verter here also needs to maintain the dc-side capacitor voltage
balance (uc1 = uce &~ uqe/2) and restrict switching frequency.

Considering that the three controlled variables (ac-side cur-
rent tracking, dc-side voltage regulation, the control of switching
frequency) are tightly coupled.

These control requirements can be expressed by formulas
through the cost function to get the minimum value. The cost
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Fig. 3. Flow diagram of the conventional FCS-MPC algorithm.

function for the NPC single-phase three-level PWM rectifier
consists of the following components:

JE= G =it 4 he(ugt! —ugh!)?

+ha([Sh = SE +|SE - S5 19

In the formula, the first term is the current tracking error, the
second term is the midpoint potential deviation, and the third
term is the number of power electronic switch conversions. The
weight factors k. and k,, are used to handle the relationship
among reference current tracking, midpoint voltage balance, and
variables that contribute to switching frequency reduction. Some
larger weight factors value implies a greater priority for this goal.

B. FCS-MPC Strategy

The flow diagram of the conventional FCS-MPC algorithm is
drawn as Fig. 3, where u(’jbx represents the u,;, corresponding
to the switch state V, at time k. Here, the outer loop is executed
at every sampling time, the inner loop is executed for each
possible state, obtaining the optimized switching state to be
applied during the next sampling period.

The control block diagram of the conventional FCS-MPC
algorithm is drawn as Fig. 4. The first step is to set required
dc-voltage reference uzlffl and the reactive power reference
q;’_“;,l and then bring them into the dc-side voltages predictive
block. Meanwhile, part of this control block inputs are the main
grid parameters, i.e., peak voltage u* and angle § provided
by the SOGI block. The second step is to estimate the future
current reference ;! using the measured values of u¥, i¥,
uk.,, ul., and i%_ at the instant k and reactive power reference
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Fig. 4. Control block diagram of the conventional FCS-MPC algorithm.
*k+1

guarantees the required power factor. After that, the third
step is to figure out the optimized switching combination Vopt

in Table I for obtaining the minimization of the cost function
Tk,

IV. OPTIMIZED SWITCHING FINITE CONTROL SET MODEL
PREDICTIVE CONTROL

The good performance single-phase three-level NPC con-
verter system has high complexity due to multiple tightly cou-
pled control targets. The key control goal is to track the dc-
voltage reference and maintain high-power quality in terms of PF
and total harmonics distortion (THD) on the ac side. Meanwhile,
the neutral-point voltage is kept to zero to constrain voltage
stress of the switches. The temperature of the switch should stay
at the appropriate value. Since the limited cooling ability and
system efficiency of the converter, it is necessary to contrain
the switching loss to limit the temperature of the converter,
which is affected by the switching frequency. Due to the limited
cooling capacity of the converter, its temperature can be limited
by reducing the switching losses. Besides, the switching loss of
the converter is controlled by its switching frequency, indirectly.
Apparently, the switching frequency can be easily measured and
monitored.

The conventional FCS-MPC relies on the weighting factor
to adjust the weight priority of each indicator. The scheme of
multiobjective optimization based on weight factors reduces
the switching frequency. Since the contradiction between the
various control objectives, the weight factors design is difficult
and the relation between the weight factors and the control target
is difficult to quantify.

The most important thing is that improper design of the
weighting factors may directly lead to system instability. For
example, if the weighting factor k,, is too small, the required
low switching frequency cannot be guaranteed. If the weighting
factor k,, is too large, the switching state will remain unchanged,
which directly causes the grid side current to fail to track
the reference value, and the dc-side voltage cannot track the
reference value. It may cause damage to the converter’s power
electronics due to overcurrent or overvoltage damage to the
power electronics due to out of control of the midpoint potential.
If the weighting factor k. is too small, the midpoint potential
deviation will be too large to cause overvoltage damage to the
power electronics. If k. is too large, the switching state will

Fig. 5.

Switching rules switching diagram.

TABLE II
EFFECT OF SWITCHING STATE ON MIDPOINT VOLTAGE

states Vi V2 Vi A% Vs
i>0 N / / N
i4<0 / \ \ 7

only select Vg, V3, V7, and Vg to act on the converter. It causes
the grid side current and the dc-side voltage to fail to track the
reference value.

This article proposes the control scheme that uses the switch-
ing state to perform switching optimization control on the quali-
tative relationship of each control target to reduce the switching
frequency under the premise of quantitative control of the neutral
point voltage deviation and grid side current error. Actually, it is
impossible to guarantee that the neutral point voltage will remain
at zero and the ac-side current will be absolutely sinusoidal at
each sampling instant. Therefore, we set the upper and lower
bounds of its reference; the switching state remains unchanged
when the neutral voltage and the grid side current are kept within
a certain range. If any of these references exceed the limit, they
will be corrected rapidly.

A. Rule of Switch State Switching

According to Table I, there are nine switching states for
the single-phase NPC three-level converter, traditionally. These
switching sequences are constrained by the following condi-
tions: 1) The switching states are absolutely not allowed to
jump across level states. 2) For each cell, to ensure that the
switching transition occurs at most once in each switching
period. After following the above procedure, the switching rules
for the single-phase three-level NPC converter can be expressed
as Fig. 5.

B. Midpoint Voltage Control

Analysis (5), (6) and Table I show that only the Vs, V3, V7,
and Vg act on the converter, the midpoint potential changes, and
the other switch states have no effect on the midpoint potential.
According to (5) and (6), the switch states and the connection
between ac-side current and the neutral point voltage are shown
as Table II, where “\” and “ " represent the neutral point
voltage increase and decrease, respectively.

According to Table II, it can be concluded that when Sy =
+1, the midpoint voltage balance can be controlled by selecting
an appropriate redundant switching state according to the grid
side current and the midpoint potential.
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C. Proposed OS-FCS-MPC Strategy

When the electric current error is within the given reference
error range at the k 4+ 1th sampling period. If the current error
and the midpoint potential error are within the given reference
error range at the k + 1th sampling period, the original switching
state is maintained, thereby achieving a reduction in the aver-
age switching frequency. Since only |S AB Optl = 1 affects the

midpoint potential, when |Sk Opt\ = 1, the midpoint potential
does not continue to deteriorate while maintaining the original
switching state. Therefore, when the current error is within the
given error reference range in the k + 1th sampling period, if
ISh% Opt| # 1, the original switching state is maintained. When
the current error is within the given reference range at the k +
1th sampling period, the midpoint potential error is not within
the given reference error range and |S]fg31_0pt\ =1, the Spp is
maintained unchanged. The switching state is selected based
on the grid side current and the midpoint potential. When the
current error is not within the given reference error range at
the k + 1th sampling period, the Sap that satisfies the rule of
switch state switching and minimizes the grid side current error
is selected, and then the switch state is selected according to the
rule of switch state switching and the midpoint potential.

In order to keep the output variables within the given lim-
its, the proposed algorithm in this article can be expressed as
follows.

Step 1: Redefine the cost function, i.e., J§ = |y
which is only related to ac- 51de current.
Assuming the neutral point voltage is effectively con-
trolled, the output u,;, can be estimated as Sapuq./2
according to Table I.

The current reference i;kﬂ can be calculated by (18).
Assuming Voli)t = Opt !, the k + 1th estimated current
reference can be obtained according to

-k+1 k
it = (1 > + 2 (ub -

k+1
U

*k+1

Step 2:

Step 3:
Step 4:

SABudc/Q)

(20)

k+1 will be calculated according to (4)—(6).

and u g,
Step 5:
If |7;*k:+1

iy TS Nig Jugt —ugh’|

_ ke

< AUC or |SAB opt| 7£ ]' opt )

If |izk+1

opt
k+1|< AZ9’|SAB 0pt| =1 |uk+1 u]é'-;l

k .
> Auoa SAB_opt SAB _opt?

where Au is the neutral point voltage deviation refer-
ence and A, is the ac-side current deviation reference.
If izt — i1 > Ay, according to (20), the k +
1th current references z’;“ at different Spp states
are calculated, and the optimal S% 5 _opt (0 Minimum
J§ = |igh Tt — it | are selected. Note that according
to the rule of switch state switching, if [Skp opt —

Step 6:

Sk Opt| > 1, it is discarded directly.
Step 7: Switching state selection according to Table III.
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TABLE III

SWITCHING STATE SELECTION
Sj\B opt (”é‘l‘”éz) iy Vép!
2 -- Vi

1 <0 Vs
>() V3

-- \Z

-1 >0 Vs
<0 Vs

-2 - Vo

Kk Kk okl kil
P! update ty,ip,uC1,UC2SAB optsX |

it =(-TRIL)igTL (kS opttal)|

[iF 1= -TRIL)i+ TIL (=S ppra 2)14

[ LT RS ap-Sh opl> 1) {/2=in}]

if (J 2</ opt)
{JZopt—Jz,SAB  opr=SAB}

SAB=SapT 1

if (SKe op=="-2)
{x*=9}
if(s,’;B[om: 0) - ué*z‘|>Auc
X =4} and ‘SABiopt‘ 1
if (San op==2)
=1y

if (Shp op== -1 &&(ub:-u2)if >0)
=7}
if (Shn op== -1 &&(uf -ut2)iy <0)
{x=8}
if (Sha  opt—— 1&&(UC1 uka)ig >0)
{x =3}
lf(SAB 0pt77 1&&(uc1—uc2)1g <O)
{(x*=2}
»it
Apply state
Vl(\;m:Vx*'

Fig. 6. Flow diagram of the proposed OS-FCS-MPC.

Step 8: Update V!
Step 1-Step 7.

The flow diagram of the proposed OS-FCS-MPC is drawn
as Fig. 6. The controller calculates the switching states at each
switching interval. The continuous switching sequence obtained
from Fig. 6 can ensure that the controlled variables fluctuate
within a certain range and can also minimize switching losses
at each switching interval. This prediction process will use
the newly acquired measurements and estimates to repeat the
calculations at the next moment and continue to roll forward.

and repeat  steps

SAB _opt?
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This process is called a rolling optimization strategy, which
provides feedback to the system and is robust to parameter
changes in the predictive model.

V. SIMULATION AND EXPERIMENTAL VALIDATION
A. Simulation Results and Analysis

Simulation studies are carried out by MATLAB/Simulink
software to validate the effectiveness of the proposed OS-FCS-
MPC.

We use low-power experiments to approximate high-power
experiments. Because high-power experiments require a lower
switching frequency, we use larger inductors and capacitors than
ordinary low-power experiments. The rms of ac-side voltage is
230 V and the grid frequency is 50 Hz. The output dc-voltage
is 400 V and two dc-link capacitors are 1000 pF. The filter
inductor is 12 mH and the filter resistance is 0.1 2. The dc load
is four 100 €2 resistors in parallel, N* = 50. Simulation results
of conventional FCS-MPC are also shown as comparisons.

Since the NPC single-phase three-level PWM rectifier has a
midpoint potential control target in addition to the switching fre-
quency and current harmonics, the optimization of the midpoint
potential directly affects the other two indicators.

For the same current harmonics, the higher the control ac-
curacy requirement for the midpoint potential, the higher the
switching frequency. For the same switching frequency, the
higher the control accuracy requirement for the midpoint po-
tential, the greater the current harmonic content.

Using the conventional FCS-MPC strategy for the midpoint
potential control, the greater the weighting factor k., the higher
the control priority of the midpoint potential, and the larger
k. will lead to unnecessary overoptimization of the midpoint
potential, affecting the other two control targets, too small k.
will cause the midpoint voltage to run out of control, making
the system lose stability and may cause overvoltage damage to
the power electronics.

1) Comparing Current Harmonic Content When Their
Switching Frequencies and Midpoint Potential Deviation Are
Similar: Generally, the midpoint potential deviation is within
5% of the dc bus voltage, and the grid side current harmonic
is within 5%. Therefore, for the OS-FCS-MPC algorithm, the
midpoint potential deviation is set to Auc =20V, and the
current error is set to Az, = 2 A. In order to compare the current
harmonics of the two algorithms at the same switching frequency
and midpoint potential deviation, the conventional FCS-MPC is
tested to find k. and k,,, so that the switching frequency and
midpoint potential deviation of the two algorithms is close at
full load, and the current harmonics are compared.

Based on the conventional FCS-MPC algorithm, the output
phase voltage waveform, the ac-side current waveform, and FFT
results of the ac-side current are shown as Fig. 7(a) in the full
load by setting k. = 0.1 and k,, = 7. Based on the OS-FCS-
MPC algorithm, the output phase voltage waveform, the ac-side
current waveform, and FFT results of the ac-side current are
shown as Fig. 7(b) in the full load by setting Auc = 20 V and
Aig =2 A. Compared with Fig. 7(a) and (b), their switching
frequencies and midpoint potential deviations are similar, but
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Fig. 7. Output phase voltage waveform, the ac-side current waveform, and
FFT results of the ac-side current. (a) FCS-MPC full load. (b) OS-FCS-MPC
full load.

the current harmonic content of the OS-FCS-MPC method is
significantly lower than the FCS-MPC method. Further com-
parison of Fig. 7(a) and (b) shows that the phase voltage and
line voltage of the conventional FCS-MPC method have jumps
and that does not exist on the OS-FCS-MPC, which indicates the
effectiveness of the rule of switch state switching in this article.

2) Comparing the Midpoint Potential Deviation When the
Switching Frequency and Current Harmonics Are Close: The
effects of parameter configuration in the two control strategies
are analyzed to find the operating points, where the switching
frequency and current harmonics are close when both control
strategies are fully loaded.

Passed the test, it can be found that the switching frequency
and the current THD of conventional FCS-MPC when k. =
0.03, k, = 5 are approximately the same as that of OS-FCS-
MPC by setting Auc =20V and Aig; =2 A at full load. We
compare the neutral point voltage deviation under this param-
eter setting, as shown in Fig. 8. When the current harmonic
content and the average switching frequency of two methods
are close, the neutral point voltage deviation of OS-FCS-MPC
is controlled within the set range, which is significantly better
than the conventional FCS-MPC algorithm.

3) Comparing Switching Frequencies, Power Loss, and Ef-
ficiency When Their Current Harmonic Content and Midpoint
Potential Deviation Are Similar: Single-phase PWM rectifier
losses mainly include conduction losses and switching losses.
According to the FGY75N60SMD IGBT manual, the average
value within the sliding window of 20 ms before the moment of
the switching frequencies (fiy ), switching losses power (psy ),
the conduction losses power (p¢on ), and the efficiencies (1) were
calculated in the simulation.

Passed the test, it can be found that the the maximum value
of midpoint potential deviation and the current THD of conven-
tional FCS-MPC when k. = 0.08, k,, = 4.7 are approximately
the same as that of OS-FCS-MPC by setting Augc = 20 V and
Aigy =2 A at full load. We compare the switching frequencies
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(fsw), the switching losses (psy ), conduction losses (peon), and
the efficiencies (1) under this parameter setting are shown in
Fig. 9.

It can be seen from Fig. 9 that the OS-FCS-MPC conduction
losses are close to the conventional FCS-MPC, the average
switching frequencies and switching losses of OS-FCS-MPC
are lower than the conventional FCS-MPC, and the efficiencies
of OS-FCS-MPC are higher than the conventional FCS-MPC.
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Fig.10.  Current THD and the switching frequency of OS-FCS-MPC by setting
Auc =20 V. (a) Current THD and Aig. (b) Switching frequency and Ad,.

4) Relationship Between Aiy and Current Harmonics and
Average Switching Frequency in the OS-FCS-MPC Method:
Based on the OS-FCS-MPC algorithm, the relation curves of the
current THD and the average switching frequency with respect
to the ac-side current deviation reference Ai, in the different
load condition are drawn as Fig. 10 by setting Auc =20 V.

The average switching frequency of the system for OS-FSC-
MPC has little change with the change of load when Au¢ and
Aig4 are determined. In addition, the relation between the current
THD and Ai, for OS-FSC-MPC has good linearity, which is
conducive to guiding the design of system parameters.

5) Parameter Sensitivity Analysis: In order to compare the
influence of the parameter errors of the two control strategies,
we chose a set of varying inductance values (624 mH) to test the
two control strategies. These tests were carried out to verify the
converter’s steady-state THD of the grid-current and average
switching frequency created from unknown filter parameters.
Since the variation of the r value did not represent a problem
for the MPC controller (R << wL), these variations were not
registered.

Passed the test, when the conventional FCS-MPC strategy set
k. = 0.1, k,, = 7 and OS-FCS-MPC strategy set Auc =20V,
Aig, =2 A, the midpoint potential deviation and switching fre-
quency are close at full load. Comparing with this parameter
configuration, as shown in Fig. 11, it can be seen that the
OS-FCS-MPC strategy proposed in this article is significantly
better than the conventional FCS-MPC strategy.
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Fig.11.  Steady-state THD of the grid-current and average switching frequency
under filter inductance value (unknown) variation.
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Fig.12.  Steady-state THD of the grid-current and average switching frequency
under filter inductance value (known) variation.

6) Influence of Inductance Parameter Variation on Control
Performance: In order to study the influence of the filter induc-
tance value on the system control effect, this article tests the two
control strategies with different inductance values (1-24 mH),
where the conventional FCS-MPC strategy setk. = 0.1, k, = 7,
and the OS-FCS-MPC strategy set Auc =20V, Aig =2 A.

The relationship among different inductance values, switch-
ing frequency, and current THD is shown in Fig. 12. It can
be seen that when the inductance value is greater than 10 mH,
the OS-FCS-MPC current harmonics and switching frequency
are lower than conventional FCS-MPC; when the inductance
value is 2-10 mH, the OS-FCS-MPC current harmonic is
lower than conventional FCS-MPC, the FCS-MPC switching
frequency is lower than OS-FCS-MPC; when the inductance
value is less than 2 mH, the FCS-MPC current harmonics and
switching frequency are lower than OS-FCS-MPC.

B. Experimental Validation

In order to verify the effectiveness of the proposed OS-
FCS-MPC control strategy, an experimental prototype of NPC
single-phase three-level PWM rectifier is established as shown

10105

Fig. 13.

Experimental setup.

in Fig. 13. The device uses a TMS320C28346 digital signal
processor, FGY75N60SMD IGBT. The load resistor consists of
four 100-€2 resistors. The four resistors are connected in parallel
for full load. The load is changed by four air circuit-breakers
controlling the number of resistors connected in parallel to the
dc bus.

The parameters of the system are the same as used in
simulations.

1) Comparing Current Harmonic Content When Their
Switching Frequencies and Midpoint Potential Deviation Are
Close: Passed the test, when the conventional FCS-MPC strat-
egy set k. =0.1, k, =7, and OS-FCS-MPC strategy set
Auc =20V, Aiy =2 A, the midpoint potential deviation and
switching frequency are close at full load. Based on the conven-
tional FCS-MPC algorithm, the output phase voltage waveform,
the ac-side current waveform, and FFT results of the ac-side
current are shown in Fig. 14 at the half and full load by setting
k. =10.1 and k,, = 7. Based on the OS-FCS-MPC algorithm,
the output phase voltage waveform, the ac-side current wave-
form, and FFT results of the ac-side current are also shown in
Fig. 14 setting Auc = 20 V and Ai, = 2 A athalfload and full
load.

Through graphics comparison, their switching frequencies are
similar. However, the THD value of the OS-FCS-MPC method
is 3.44% lower than that of the conventional FCS-MPC method
at half load. The THD value of the OS-FCS-MPC method at
full load is 1.03% lower than that of the conventional FCS-MPC
method. It is seen that the phase voltage and line voltage of the
conventional FCS-MPC method have jumps and that does not
exist of the OS-FCS-MPC, which indicates the effectiveness of
switching optimization in this article.

At the same time, according to Fig. 14, it is also noted that
the switching frequency is higher than the half-load switching
frequency when the two control strategies are fully loaded.
At full load, the average switching frequency of the two con-
trol schemes is close. The half-load OS-FCS-MPC strategy
switching frequency is higher than the conventional FCS-MPC
strategy. When the load changes, the OS-FCS-MPC has a smaller
switching frequency change than the conventional FCS-MPC.

2) Comparing the Midpoint Potential Deviation When the
Switching Frequency and Current Harmonics Are Close: Ac-
cording to the simulation analysis, the conventional FCS-MPC
method parameters are set at k. = 0.03, k,, = 5, and the OS-
FCS-MPC method parameters are set as Auc =20V and
Aig =2 A at full load. We compare and analyze the neutral
point voltage deviation under this parameter setting, as shown
in Fig. 15. The neutral point voltage deviation of OS-FCS-MPC
is controlled within the set range, but the conventional FCS-MPC
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TABLE IV
EXPERIMENTAL DATA

Order ke kn Auc Aig [uci-uca| Sow THD
number V) (A) V) (Hz) (%)
FCS-MPC1 0.03 5 - - 22 256 3.77
FCS-MPC2 0.1 6 - - 21 294 3.93
FCS-MPC3 0.01 6 - - 55 225 4.59
OS-FCS-MPC1 - - 20 2 20 256 3.44
OS-FCS-MPC2 - - 20 2.25 20 231 3.90
OS-FCS-MPC3 - - 20 2.5 20 221 4.51

algorithm has multiple voltage deviation spikes, which are even
twice (40 V) that of the OS-FCS-MPC.

When the current harmonic content and the average switching
frequency of two methods are close, the neutral point voltage
deviation of OS-FCS-MPC is controlled within the set range,
which is significantly better than the conventional FCS-MPC
algorithm. The correctness of the proposed scheme and the
conclusion of the simulation analysis are verified.

3) Steady-State Performance Evaluation: In order to further
compare the performance of the two algorithms in terms of the
neutral point voltage deviation, the average switching frequency,
current harmonic content. List experimental data are shown in
Table IV.
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Fig. 15. Experimental waveforms of the neutral point voltage deviation.
(a) FCS-MPC. (b) OS-FCS-MPC.

Comparative analysis by Table IV, according to the data of
FCS-MPC1 and OS-FCS-MPC1, the current THD value of the
OS-FCS-MPCl is lower than that of FCS-MPC1 when the neu-
tral point voltage deviation and the average switching frequency
of two methods are close. According to the data of FCS-MPC2
and OS-FCS-MPC2, the average switching frequency of the
OS-FCS-MPC2 is lower than that of FCS-MPC2 when the
neutral point voltage deviation and the current THD value of
two methods are close. According to the data of FCS-MPC3
and OS-FCS-MPC3, the neutral point voltage deviation of the
OS-FCS-MPC3 is smaller than that of FCS-MPC3 when the
average switching frequency and the current THD value of two
methods are close. It proves that the OS-FCS-MPC proposed in
this article has better performance.

For NPC single-phase three-level PWM rectification, the
steady-state performance has three core objectives, namely the
grid side current harmonic content, the average switching fre-
quency, and the midpoint potential error. Compared with the
conventional FCS-MPC, the OS-FCS-MPC strategy proposed
in this article is superior to the conventional FCS-MPC strat-
egy when any two control targets are close. The conventional
FCS-MPC strategy is highly coupled between the three control
targets, and it is difficult to quantitatively design according
to the requirements. The unreasonable parameter design will
directly lead to the system not working properly and even cause
equipment damage. The control strategy proposed in this article
is easy to quantify the midpoint potential and current harmonics.
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Fig. 16. Experimental waveforms of the ac-voltage and ac-current, the active
power from half load to full load mutation. (a) FCS-MPC. (b) OS-FCS-MPC.
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Fig.17.  Experimental waveforms of the ac-voltage and ac-current, the reactive
power from —3200 to 3200 W mutation. (a) FCS-MPC. (b) OS-FCS-MPC.

4) Dynamic Performance: Fig. 16 is the experimental
waveforms of the ac-voltage and ac-current of the OS-FCS-MPC
and the conventional FCS-MPC algorithm from half load to
full load mutation with reactive power at no load. Fig. 17 is the
experimental waveforms of the ac-voltage and ac-current of the
OS-FCS-MPC and conventional FCS-MPC algorithm reactive
power from -3200 to 3200 W mutation with active power at no
load.
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When the active and reactive power changes, the current
response of both algorithms has a response speed of no more than
1.5 ms. When the active power changes, the speed of the current
response is much larger than the response speed of the current
reference value. The tracking speed of the current amplitude of
the two algorithms is almost the same, which depends mainly
on the N* parameter setting of the dc-side voltage prediction
link.

VI. CONCLUSION

Aiming at NPC single-phase three-level PWM rectifier, a
method is proposed to ensure the actual stability of the power
converter by converging the ac-side current error of the single-
phase PWM rectifier and the neutral point voltage of the con-
verter to the bounded invariant set. At the same time, each
performance index of the system is adjusted by setting the
bounded invariant set. The novelty of the control scheme lies
in that the conventional FCS-MPC of NPC single-phase three-
level PWM rectifier no longer needs complicated multitarget
weighting factors selection, and the required performance index
can be directly realized by quantitatively setting the boundary
of current error and neutral point voltage. The performance of
the proposed scheme is better than the conventional FCS-MPC,
which has been validated by simulation and also by experiments.
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